A supramolecular reaction system is reported where a labile molecular metal oxide cluster enables the (5) and the reaction between 1a and 5 leads to the formation of hydrogen-bonded supramolecular aggregates 6. The solution and solid-state interactions in these systems were investigated using a range of spectroscopic and crystallographic techniques and compounds 3, 4 and 6 were characterized using single-crystal XRD.
Introduction
Over the past few decades, sustainable energy research has been driven by the ultimate goal of replacing fossil fuels with solar light-based energy conversion and energy storage systems.
1 Using this approach, a key concept is the efficient absorption of solar light in the visible region where the majority of light energy is available at the Earth surface. 2 Many key technologies such as dye-sensitized solar cells (DSSCs) 3 and photocatalytic water oxidation catalysts (WOCs) 4 employ photosensitizers based on [Ru(bpy) 3 ] 2+ (bpy = 2,2′-bipyridine) 5 with the aim of maximizing the amount of sunlight absorbed. Ruthenium-based coordination compounds are particularly suited for this task as they show maximum absorption in the mid-visible region and form long-lived photoexcited states with unusual redox properties which are crucial for efficient charge-separation and subsequent electron transfer reactions.
6
Under operative conditions in DSSCs or WOCs, the photoexcited ruthenium complex undergoes an electron transfer to an electron accepting unit to give [Ru(bpy) by an outer-sphere electron transfer from an electron donor. Although the principal mode of action of rutheniumbased photosensitizers in DSSC or WOC systems is well understood, little is known about the intermolecular interactions which allow the electron and energy transfer to occur, particularly in WOCs. 3 However, understanding the intermolecular mechanisms which allow the photosensitizer to interact with other reagents in solution are a vital prerequisite for the design of high-efficiency light conversion systems.
7
In order to address this challenge, we have recently developed a supramolecular system which can serve as a model to study the intermolecular interactions between ruthenium photosensitizers and metal oxide surfaces. 8 To achieve this, a functionalized photosensitizer, [Ru(tbbpy) 2 (biH 2 )] 2+ (tbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine; biH 2 = 2,2′-biimidazole) 9 was combined with a molecular metal oxide cluster 10 [β-Mo 8 O 26 ] 4− and it was shown by a range of techniques that stable, supramolecular aggregates are formed in the solid state and in solution through hydrogen-bonded interactions between the biH 2 ligand and the oxo ligands of the molybdate cluster. In addition, it was demonstrated that the aggregation process is dynamic and can be controlled by the deliberate addition of ion-pairing reagents which result in the de-aggregation of the photosensitizer/metal oxide aggregates. To develop this system further, we were interested in using sterically more demanding photosensitizers as it had previously been shown that steric effects can cause large changes to the intermolecular photosensitizer-metal oxide interactions. 11 In the present study, we replaced the original biH 2 ligand on the Ru complex with the bulky organic ligand 5,5′,6,6′-tetramethyl-2,2′-bibenzimidazole (hereafter: tmbiH 2 ), see Scheme 1. n-butylammonium) were prepared as described in the literature. Product purity was confirmed using elemental analysis, 1 H-NMR-, UV-Vis-and FT-IR spectroscopy.
12,13

Experimental
Materials and methods
All
Synthetic section
Synthesis of compound 3. [Ru(tbbpy) 2 (tmbiH 2 )](PF 6 ) 2 (51 mg, 41.9 µmol) was dissolved in 10 ml DMF. (TBA) 4 [Mo 8 O 26 ] (66 mg, 30.8 µmol) was dissolved in 10 ml DMF. The two clear solutions were mixed and 2 ml of deionized water and 0.5 ml of MeOH were added. The reaction mixture was heated to 60°C for 3 days, cooled to room temperature and setup for crystallization by diffusion of ethyl acetate. After a few days, compound 3 was obtained as a dark, microcrystalline product. In order to obtain crystals suitable for single-crystal XRD, the reaction was conducted as described above without heating. Diffusion of ethyl acetate into the reaction mixture gave single crystals of compound 3. The crystalline product was filtered off, washed twice with ethyl acetate and dried in a desiccator. O (10.8 g (8. 88 mmol) is dissolved in 60 ml deionized water and an aqueous ammonia solution (25%, 3.3 ml) is then added. To this mixture, phenylphosphonic acid (4.25 g, 26.88 mmol) is added. The solution pH is set to 4.7 using aqueous HCl (6 M). TBABr (15.8 g, 49 .0 mmol) is dissolved in 40 ml deionized water. The solution pH is set to 3.1 using aqueous HCl (6 M). Both solutions are mixed and instantly a white precipitate is formed. The pH of the vigorously stirred suspension is set to 4.7 (HCl, 6 M). The precipitate is removed by centrifugation, washed five times with 30 ml portions of deionized water and four times with 30 ml portions of absolute ethanol. The product is dried under vacuum. Yield: 5.33 
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Crystallographic section
Suitable single crystals of the respective compound were grown and mounted onto the end of a thin glass fiber using Fomblin oil. X-ray diffraction intensity data were recorded at 150 K on a Nonius Kappa CCD diffractometer [λ(Mo-K α ) = 0.71073 Å] equipped with a graphite monochromator or at 100 K on a Bruker APEX II CCD diffractometer [λ(Mo-K α ) = 0.71073 Å] equipped with a graphite monochromator. Structure solution and refinement were carried out using the SHELX-97 package 15 via WinGX. 16 Corrections for incident and diffracted beam absorption effects were applied using empirical or numerical methods. 17 Structures were solved by a combination of direct methods and difference Fourier syntheses and refined against F 2 by the full-matrix least-squares technique.
Diffuse solvent correction was carried out using the SQUEEZE function within Platon. 18 Crystal data, data collection parameters and refinement statistics are listed in Table 1 .CCDC reference numbers 823882 (3), 823883 (4) and 823884 (6).
Results and discussion
We report the supramolecular interactions observed in three ruthenium photosensitizer-molybdenum oxide cluster aggregates which were investigated in solution and in the solid state using 1 H-NMR-spectroscopy, UV-Vis spectroscopy, singlecrystal X-ray diffractometry and bond valence sum calculations. In addition, an unusual dimerisation reaction is reported and a possible reaction mechanism is proposed which explains the metal oxide-initiated formation of dinuclear Ru-complexes. This observation is in line with our previous investigation and gives strong indication of the formation of supramolecular {1a 2} aggregates in solution. 8 In addition, the results indicate that maximum shifts are obtained at a molar ratio of 1a : 2 = 1 : 1; a further increase of the concentration of the molybdate cluster 2 does not lead to further changes of the chemical shift, suggesting that in solution, the formation of 1 : 1 aggregates is preferred. In order to gain structural information on It is interesting to note that starting from the racemic Δ,Λ-mixture of the Ru-precursor 1a, only the MESO form of the Ru-dimer 3a is observed in the solid state, suggesting that this diastereomer is preferentially formed and/or incorporated into the lattice of 3.
In order to understand whether the unexpected formation of the MESO-Ru-dimer 3a is linked to the formation of the hexamolybdate cluster 3b, the reaction conditions were investigated in detail. It is known from the literature that the dimeric Ru complex 3a is typically formed by the complexation of two
2+ units (L = weak ligand, e.g. Cl − ) to one tmbiH 2 ligand under basic conditions which allow full deprotonation of the tmbiH 2 ligand, see Scheme 2.
12,13
However, under the given reaction conditions, this reaction pattern cannot be adopted as all Ru centres are coordinated by chelating N-donor ligands (tbbpy and tmbiH 2 , respectively) which are kinetically inert and do not exchange in solution. 12, 13 In addition, the formation of the dimer 3a starting from 1a requires the twofold deprotonation of a tmbiH 2 ligand to create the complexation site for the second Ru centre. In order to understand whether this initial deprotonation step could be linked to the formation of the molybdate cluster 3b, the 2→3b cluster conversion was investigated in detail. It was hypothesized that the octamolybdate-to-hexamolybdate conversion does not require the presence of the Ru complex 1a but is caused by the intrinsic lability of the [Mo 8 ] was dissolved in DMF and the 2→3b conversion was followed UV-Vis spectroscopically by monitoring the changes in absorbance at λ = 321 nm. This experimental approach is feasible as both the octamolybdate and the hexamolybdate clusters show characteristic UV-Vis absorption signals, see Fig. 3 , inset. The time-dependent UV-Vis spectroscopic analysis shows that the cluster conversion of 2→3b indeed occurs in the absence of the ruthenium complex and the formation of the hexamolybdate 3b follows a pseudo-first-order kinetics. In addition, it was observed that the 2→3b cluster conversion reaches a plateau after ca. 40 h, see Fig. 3 . It is interesting to note that the conversion between the octamolybdate 2 and the hexamolybdate 3b seems to be strongly dependent on the given reaction conditions: recently, a detailed ESI mass-spectrometric study was conducted A closer inspection of the proposed formation of the hexamolybdate 3b shows that the cluster conversion is increased and the pH value of the hydrolyzed solution is raised from pH = 4.46 (t = 0 h) to pH = 4.84 (t = 68 h) for [2] = 4.01 mM, thereby confirming the release of hydroxide ions into the reaction medium, see Fig. 4 . In addition, the timedependent increase in the pH value closely resembles the characteristics of the cluster conversion measured by UV-Vis spectroscopy (Fig. 3) , thereby suggesting that both processes are indeed connected. Based on these observations, a mechanism for the first step of the formation of compound 3 can be suggested: in the presence of the diprotonated Ru-precursor 1a, the octamolybdate cluster 2 undergoes a conversion reaction resulting in the formation of the hexamolybdate cluster 3b and in the liberation of hydroxide ions. The increased basicity of the solution results in the deprotonation of 1a, thereby creating a vacant complexation site which is a prerequisite for the formation of the Ru-dimer 3a.
To gain more insights into the following reaction steps, a long-term 1 H-NMR-spectroscopic study was conducted where the experimental conditions of the formation of 3 were replicated using deuterated DMF-d 7 as a solvent. Based on previous studies, it was known that the conversion of the monomeric complex 1a to the dinuclear unit 3a results in distinct changes of the signal pattern in the 1 H-NMR spectrum.
However, after a period of several weeks, no change in the 1 H-NMR spectrum of the reaction solution was observed.
Instead, an insoluble precipitate was formed and an elemental analysis suggests that this precipitate corresponds to the expected composition of compound 3. Comparative studies on the crystalline material of 3 obtained through the standard preparative route show that 3 is indeed virtually insoluble in DMF. Therefore, it can be suggested that upon formation of the dimer 3a under experimental conditions, precipitation or crystallization of 3 starts instantly and the solution concentration of the dimeric unit 3a remains below the 1 H-NMR detection limit. Although this study does not fully explain the final steps in the formation of the Ru-dimer 3a, it clearly demonstrates that the presence of a molybdate species is required for the dimerisation to occur: from previous studies it is known that the monomeric Ru-unit 1a can be kept in solution for a prolonged period of time under highly basic conditions without undergoing a dimerisation reaction. 19 These fragments could potentially undergo the proposed ligand exchange reaction and allow us to suggest a tentative reaction mechanism, see Scheme 4. However, it should be noted that further studies are required to fully confirm the proposed reaction scheme. In order to understand whether the dimer formation is unique to the system employed in the synthesis of compound 3 or whether this cluster-induced dimerization might be more were performed under similar conditions as for compound 3 showed that for the proximate probe protons H a and H b , significant upfield shifts were observed when the molar ratio of 1b : 2 was increased from 1b : 2 = 8 : 1 to 1 : 8, see Fig. 5 . The observed trends were very similar to the initial NMR study of the interactions between 1a and 2. In detail, the chemical shift of H a changed from δ H a = 7.50 (1b : 2 ratio 8 : 1) to δ H a = 7.25 Furthermore, a set of crystallization experiments was carried out to obtain crystallographic evidence of any dimerization reactions. The original experimental conditions used in the synthesis of 3 were closely followed to maximise the potential for dimerisation reactions. A crystalline product was isolated and a single-crystal X-ray diffraction gave the formula [(Ru(bpy) . Based on the results obtained for compounds 3 and 4 it became clear that the chosen synthetic approach would not result in stable hydrogen-bonded aggregates of monomeric Ru-photosensitizers and molybdate clusters which were the original target systems for photochemical and photophysical studies. It was hypothesized that if the octamolybdate cluster 2 is replaced with a cluster which is stable under the given operating conditions then the Ru-dimerization would be effectively prevented as the cluster-induced deprotonation and ligand removal could not proceed.
To test this hypothesis we replaced the unstable cluster unit 2 with the more stable compound 5 [Mo 5 O 15 (PhPO 3 ) 2 ] 4− . 14 5
is comparable in size and charge to 2 but features two stabilizing, inert phenylphosphonate groups and was considered an ideal replacement for 2. In this well-known cluster type, a five-membered molybdenum oxide ring is stabilized by two phosphonate groups via strong P-O-Mo coordination bonds and initial UV-Vis spectroscopic analyses showed no change of the spectral signature under the typical reaction conditions in DMF indicating an increased stability in this solvent.
In order to evaluate the long-term stability of the system, crystallization experiments were carried out using the same experimental setup that was used for compound 3 but replaScheme 4 Proposed formation mechanism of the Ru-dimer [(Ru-(tbbpy) 2 ) 2 (tmbi)] 2+ (3a) .
Step 1: cluster-induced tmbiH 2 -deprotonation.
Step 2: ligand exchange reaction (replacement of a tmbiH 2 -ligand by a molybdate fragment).
Step 3: dimerisation reaction and loss of the molybdate fragment. 
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This journal is © The Royal Society of Chemistry 2015 by the presence of two dimethylammonium cations formed by decomposition of the DMF solvent, see Fig. 7 . The diprotonation of the tmbiH 2 -ligand was shown by identification of the two nitrogen-bound protons from the difference Fourier synthesis map. In addition, bond valence sum calculations show that the molybdate cluster 5 is not protonated which further supports the protonation site assignment. In the crystal lattice of 6, the diprotonated tmbiH 2 -ligand forms two hydrogen-bonded interactions with the molybdate cluster 5, resulting in the observation of two short N-H⋯O-Mo interactions (d N⋯O = 2.843(4) Å and 2.987(5) Å, respectively). These hydrogen-bonded interactions are slightly longer compared with the values obtained from our recent study of the system containing the [Mo 8 O 26 ] 4− cluster and the biimidazole-containing complex [Ru(tbbpy) 2 -(biH 2 )] 2+ . 8 This might be due to the higher steric demands of both the tmbiH 2 ligand in 1a and the phenyl ligands on the molybdate cluster 5.
To probe the existence of supramolecular interactions between the molybdate cluster 5 and the Ru-photosensitizer 1a in solution, a 1 H-NMR spectroscopic titration was conducted where the molar ratios of 1a and 5 were varied between 1a : 5 = 8 : 1 and 1 : 8. These experiments showed the same general trend as the NMR-spectroscopic titrations for compounds 3 and 4 in that significant changes of the chemical shift of several proton species were observed. However, it became obvious that the shift patterns in this system are markedly more complex compared with the relatively straightforward shifts observed for 3 and 4. , an intriguing shift pattern was observed which can be separated into two regions: between ratios of 1a : 5 = 8 : 1 and 4 : 1, the H a signal follows the original upfield shift and a shift from δ H a = 7.53 to δ H a = 7.47 was observed. However, for 1a : 5 molar ratios of 2 : 1 to 1 : 8, this trend is reversed and a significant downfield shift to δ H a = 7.68 (1a : 5 = 1 : 8) is found. It can therefore be suggested that two types of supramolecular interactions are responsible for these shift patterns. We suggest that the upfield shifts of H a and H b are due to the presence of the molybdate cluster 5 at the hydrogen-bonding site of the tmbiH 2 -ligand. In addition, we suggest that the downfield shift of H a is caused by π-π interactions between the phenyl rings of the molybdate cluster 5 and the extended aromatic ligand system of the Ru-photosensitizer 1a. This suggestion is substantiated by analysis of the crystal packing of 6 where short intermolecular contacts are observed between one phenyl ring of the molybdate unit 5 and the tmbiH 2 -ligand of the Ru-complex 1a. The minimum distance observed between the respective ring centroids is d centroid = 4.428 Å; the overall minimum intermolecular distance between the two ring systems is d min = 3.526 Å, observed between C60 and N4 (see ESI, † Fig. S4 ). The sensitivity of NMR-spectroscopic shifts towards π-π interactions has previously been observed for a range of aromatic coordination compounds. 20 In addition, this finding is further supported by the observation of a significant downfield shift of the cluster-based phenyl protons where the chemical shift changed from δ Hphenyl = 6.97 (1a : 5 = 8 : 1) to δ Hphenyl = 7.31 (1a : 5 = 1 : 8), suggesting that the phenyl protons of 5 are exposed to a changing electronic environment. 
